"We are more or less unconsciously seeing ourselves as we think others who are important to us and whose opinions we trust see us.[@bib0450]"

1. Introduction {#sec0005}
===============

1.1. Adolescent self-concept development and peer influence {#sec0010}
-----------------------------------------------------------

Adolescence is a key point in a young child\'s life, marking the physical, psychological, and social transition from childhood to adulthood and characterized by significant changes in self-understanding, person-perception, and social influences. This stage is an important time for self-exploration and identity development ([@bib0120]), as youths are introduced to new environments, new roles, and new role models -- suggesting that one apt way of describing adolescence is a period of self-concept instability ([@bib0450], [@bib0485]). Two major changes in adolescent self-processing include the *content of* and *contextual influences on* self-descriptions. Changes in content are largely driven by the acquisition of advanced cognitive abilities, resulting in the greater use of psychological and abstract terminology in adolescent self-descriptions ([@bib0030], [@bib0195], [@bib0450], [@bib0475], [@bib0480], [@bib0495]). Adolescents also develop increasingly differentiated and individuated self-representations, which vary across domains and relational contexts ([@bib0195], [@bib0205], [@bib0210], [@bib0295], [@bib0305], [@bib0440]), resulting in the development of "multiple selves" ([@bib0200]). Adolescents may view themselves differently at school as students, at home as children, and with peers as friends, revealing distinct contextual influences on self-perceptions.

At the intersection between content and contextual influences, social competence, in particular, becomes highly salient ([@bib0070], [@bib0075], [@bib0205], [@bib0320], [@bib0450]). In a trend that [@bib0500] referred to as a dependency tradeoff, adolescents spend significantly less time with parents and more time with peers ([@bib0055], [@bib0060], [@bib0255]), which coincides with a similar shift in influence. As the capacity and tendency for self-reflection and social perspective-taking increases ([@bib0050], [@bib0070], [@bib0095], [@bib0320], [@bib0480]), adolescents become more self-conscious ([@bib0105], [@bib0450], [@bib0480]), show a greater interest in the perceived opinions of others ([@bib0100]), and put greater weight on peer evaluations ([@bib0035], [@bib0505]). Thus, for better or for worse, peers serve as strong role models and important sources of social feedback for adolescent self-evaluations ([@bib0205], [@bib0365]).

1.2. A developmental social neuroscience approach {#sec0015}
-------------------------------------------------

While behavioral trajectories of self-development have been studied for decades, as summarized above, a novel line of research is exploring adolescent self-processing at the neural level. Adopting a developmental social neuroscience approach offers an alternative to the common reliance on self-report methodologies, which may suffer from explicit and implicit participant biases. This approach may also help connect the underlying social, cognitive, and biological processes involved in self-development ([@bib0415], [@bib0420]).

The current study was designed to reveal distinct neural patterns associated with personal and perceived peer evaluations across multiple domains, which would imply distinct influences on self-concept development. Specifically, we examined the patterns of activity supporting early adolescent and young adult direct self-evaluations (first-person evaluations about the participant), direct close other-evaluations (first-person evaluations about the participant\'s best friend), and reflected self-evaluations (third-person evaluations about the participant, from the best friend\'s perspective). Furthermore, we examined the distinct influences of personal and perceived peer evaluations across academic, physical, and social domains. Finally, we explored how pubertal development relates to adolescents' neural activity. The brief neuroimaging review that follows provides a foundation for the current study.

1.3. Adult neuroimaging research on self-processing {#sec0020}
---------------------------------------------------

Researchers have extensively investigated the neural correlates of self-evaluation and self-reflection within adult samples using functional magnetic resonance imaging (fMRI). Typically, participants have evaluated the descriptiveness of personality traits or made mental state attributions for oneself and an "other" target. Reviews and meta-analyses ([@bib0355], [@bib0420], [@bib0435]) have highlighted the integral role of cortical midline structures (CMS), consisting of medial prefrontal cortex (mPFC; including dorsal, anterior rostral, and ventral aspects, as well as adjacent regions of anterior cingulate cortex \[ACC\]) and medial posterior parietal cortex (mPPC; including precuneus \[Prec\], posterior cingulate cortex \[PCC\], and retrosplenial cortex), in self-processing. These CMS support both self-reference ([@bib0560]) and self-relevance ([@bib0325], [@bib0330]). Additional regions engaged in these processes include striatal regions representing salience, valuation, and reward; temporal and parietal regions supporting social cognition and mental state attribution (such as temporoparietal junction \[TPJ\], posterior superior temporal sulcus \[pSTS\], and temporal poles); as well as hippocampus and insula.

1.4. Pediatric neuroimaging research on direct self- and other-processing {#sec0025}
-------------------------------------------------------------------------

There are relatively few neuroimaging studies examining self-processing within developmental samples. Thus, it is difficult to ascertain the full extent to which the neural correlates of adolescent and adult self-evaluations are similar, and if neural patterns generalize across multiple domains. Previous research has highlighted the role of CMS and striatal regions in youth self-processing, converging with the adult literature ([@bib0125], [@bib0355]). [@bib0440] found that self-referential memory in male youths (7--13 yo) was positively correlated with activity in rostral ACC (as well as subgenual ACC, medial orbital frontal cortex, caudate, and bilateral inferior frontal regions), and suggested that rostral ACC, in particular, is a neural substrate of psychological self-representations. Research by [@bib0400], [@bib0415] similarly underscored the role of CMS and ventral striatum (VS) in self-other differentiation. In a cross-sectional study examining self-evaluations, preadolescents (9--10 yo) and young adults (23--31 yo) recruited greater mPFC during direct self-evaluations and greater mPPC during direct other-evaluations about a fictional character, Harry Potter ([@bib0400]). However, preadolescents recruited greater mPFC than adults during direct self-evaluations. Complementary results were found longitudinally ([@bib0415]). During late childhood (*M* = 10 yo) and early adolescence (*M* = 13.1 yo), youths recruited greater mPFC and VS during direct self-evaluations and greater mPPC (as well as lateral PFC and TPJ) during direct other-evaluations. There were also age-related increases in ventral mPFC (vmPFC) activity during direct self-evaluations. These increases were more robust in the social domain, compared to the academic domain, and positively correlated with pubertal development in the social domain. These findings suggest that the development of social self-evaluations is related to biological changes and not just interpersonal ones, and further highlight the potential influence of pubertal development on neural patterns of social self-processing.

1.5. Pediatric neuroimaging research on reflected self-processing {#sec0030}
-----------------------------------------------------------------

A related line of research has examined the influence of perceived peer evaluations on youth self-processing. [@bib0405] investigated the role of evaluative perspective on neural patterns supporting self-evaluations. Early adolescents (11--13 yo) recruited greater mPPC and TPJ than adults (22--30 yo) during direct self-evaluations; however, this activity did not differ from adolescent or adult reflected self-evaluations, suggesting that adolescent self-processing may be more strongly influenced by the perceived evaluations of others. In addition, adolescents recruited greater mPFC and mPPC during reflected *academic* self-evaluations from their *mother\'s* perspective and reflected *social* self-evaluations from their *best friend\'s* perspective. This suggests that neural responses during adolescent self-processing may be sensitive to both the perspective adopted and its relevancy to a given evaluative domain.

Research has also highlighted the role of CMS and striatal regions in anticipated (inferred) evaluations of unknown peers, which could be viewed as a form of reflected self-evaluations. [@bib0180] found that youths (8--17 yo) recruited VS, insula, hypothalamus, and hippocampus during inferred peer social evaluations, and females showed age-related increases during inferred evaluations of high interest, relative to low interest, peers. Furthermore, youths recruited greater cortical (ACC) and striatal (caudate and putamen) activity during peer acceptance (receipt of positive social feedback) than peer rejection ([@bib0185]). Research examining a wider age range (8--25 yo) reported similar CMS and striatal recruitment during inferred and received positive peer social evaluations, greater activity during received positive evaluations from highly rated peers, and age-related increases during inferred positive peer evaluations ([@bib0080], [@bib0170]). Together, these studies underscore the saliency of peer social evaluations, particularly of highly regarded peers, in youth self-processing and suggest that this effect can be observed at the neural level.

1.6. Current study {#sec0035}
------------------

The current study integrated [@bib0400], [@bib0405], [@bib0415] research on self-processing and extended it across additional evaluative perspectives and domains. Distinguishing between evaluative perspectives is important, given the heightened saliency of peers during adolescence ([@bib0055], [@bib0060], [@bib0255], [@bib0500]) and the potentially greater influence of *perceived*, relative to *actual*, peer evaluations on self-perceptions ([@bib0490], [@bib0520]). While past research has typically used familiar, yet personally unknown "other" targets, such as Harry Potter ([@bib0400], [@bib0405], [@bib0415]) or President George Bush ([@bib0225], [@bib0290], [@bib0430]), the current study used a close peer, given the growing saliency of close friendships during adolescence. This target more aptly controlled for familiarity, intimacy, age, and salience. The current study also used a novel, high-level control task, malleability-evaluations, where participants evaluated if traits could change (in general, not just with respect to themselves). Unlike previously used low-level controls (such as counting vowels, capital letters, or syllables), this task incorporated the semantic and evaluative demands inherent in self- and other-evaluations.

The current study also examined several domains of self-evaluations. Parceling academic, physical, and social domains is important, given the bourgeoning of multiple, context-dependent "selves" during adolescence ([@bib0200]) via a myriad of changes, such as those experienced in academic demands and expectations during the transition into middle school, in physical appearance and abilities during the transition into puberty, and in social roles and peer influence during the transition into new social circles. Furthermore, this is the first study to investigate the neural correlates of psychological and physical self-evaluations within a developmental sample. Finally, given research highlighting the role of biological, in addition to interpersonal, changes on adolescent self-evaluations ([@bib0170], [@bib0180], [@bib0415]), the current study examined the relationship between pubertal development and neural responses in adolescence. Past research supports our hypotheses: 1.Across domains, adolescents and adults will recruit CMS during direct self-, direct other-, and reflected self-evaluations. Direct self-evaluations will recruit CMS (particularly mPFC) and striatal regions (e.g., VS); direct other-evaluations will recruit CMS (particularly mPPC); and reflected self-evaluations will recruit CMS, striatal regions, and social cognition regions (e.g., pSTS, TPJ, and temporal poles).2.Across domains, adolescents will recruit greater CMS and social cognition regions during direct self-evaluations than adults, but similar CMS during direct other-evaluations.3.Adolescents will recruit greater striatal regions during reflected self-evaluations than adults, and this activity will be greatest within the social domain.4.Pubertal status will be positively correlated with CMS and striatal activity during adolescent direct and reflected self-evaluations, particularly within the social domain.

2. Method {#sec0040}
=========

2.1. Participants {#sec0045}
-----------------

Typically developing young adults (*N* = 20) and early adolescents (*N* = 22) were recruited for the study. One adult and four adolescents were excluded due to scanner failure or significant artifacts, resulting in 19 adults (9 males) and 18 adolescents (9 males) in the final analyses. Adults (22--31 yo, *M* = 25.6) were primarily graduate students (2 advanced undergraduate students) currently attending the University of Oregon. These students represented a range of academic disciplines, including psychology, English, business, architecture, and international studies. Adolescents (11--14 yo, *M* = 12.6) were middle school students, not attending home school. Adolescents were recruited via flyers from the surrounding Eugene area, as well as from a departmental database of interested families. Participants were primarily Caucasian (adults: 74% Caucasian, 10% Latino, 5% Asian, 10.5% decline to respond; adolescents: 72% Caucasian, 17% multiracial, 11% decline to respond), and age groups did not differ by ethnicity. Data on household income and maternal education were only collected from the adolescent group. Mean annual household income was between \$55,000 and \$65,000, although annual income ranged from below \$25,000 to \$125,000. Maternal education was at the high school level or higher; approximately 39% of mothers had a bachelor\'s degree and 17% had a professional degree. Participants were screened for major neurological, psychological, and medical disorders, and all participants were right-handed. Adolescents provided written informed parental consent and assent, and adults provided written informed consent, according to the guidelines outlined by the University of Oregon Institutional Review Board. Participants were compensated \$25 per hour for their time.

2.2. Procedure {#sec0050}
--------------

### 2.2.1. Measures {#sec0055}

To assess IQ, adolescents completed the Kauffman Brief Intelligence Test-II (KBIT-II; [@bib0220]) within 1 month of their scan. Full scale IQs, as well as verbal and quantitative subscale IQs, were in the average to above average range (*M*s = 114, 116, and 108, respectively). IQ was only available for adolescent participants; however, all participants were advanced undergraduate or graduate students, suggesting similar average to above average IQs.

To assess pubertal development, adolescents completed gender-specific versions of the Pubertal Developmental Scale (PDS; [@bib0380]) Average PDS scores were calculated by averaging all scores except the comparative question, where participants evaluated their perceived rate of development relative to their peers. The average PDS score was similar for males and females, 2.3. Using the pubertal category scoring guidelines provided by Crockett and colleagues (see [@bib0380]), the mean (and mode) pubertal stage for both male and female participants was "midpuberty" (*M* = 2.9 and 3, Mode = 3 and 3, for males and females, respectively). Furthermore, there were no significant age group differences between male and female adolescents \[*t*(16) = 0.65, *ns*). These findings supported combining average male and female PDS scores into an aggregate variable representing total average PDS scores and conducting puberty- and age-related analyses collapsed across genders. Although not discussed here, participants also completed several questionnaires assessing various traits and abilities, such as perceived self-competence, social comparison, and mentalizing.

### 2.2.2. Neuroimaging task {#sec0060}

Participants were presented with positively and negatively valenced trait phrases and instructed to adopt different perspectives to evaluate if the phrases were descriptive of a specified target. Trait valence was balanced across perspective and domain conditions and across participants. Trait phrases broadly represented general academic, physical, and social domains (as in [@bib0330], [@bib0400], [@bib0405], [@bib0410], [@bib0415]), such as "studies hard", "very good-looking", and "very popular" (see Table S1 in Supplementary Materials for complete list and piloting information). Evaluative perspectives included direct self-evaluations, direct other-evaluations, reflected self-evaluations, and malleability-evaluations. Participants were instructed to make malleability-evaluations with respect to "people in general" (not just themselves). Participants provided the name of a same-sex, same-age (±2 years) best friend, which was used in the neuroimaging task.

The MRI paradigm was a mixed block/event-related design, consisting of four block types representing evaluative perspective and three event types representing trait domain. This resulted in a total of 12 conditions, with 12 events per condition. The task included two runs presented in a counterbalanced order across participants. Each run included eight blocks (2 blocks of each evaluative perspective). Each block was approximately 40 s long and included nine events (see [Fig. 1](#fig0005){ref-type="fig"}). Blocks began with an initial instruction screen presented for 3.5 s, each event was presented for 3.5 s, and each interstimulus interval (ISI) was 0.5 s. Using a button box, participants had approximately 4 s to process and respond (yes/no) to each event. Events were pseudorandomly intermixed by domain within evaluative perspective blocks in an optimized fashion, using computerized genetic algorithms. Rest intervals between blocks were approximately 12 s, but jittered (according to a gamma distribution) to create variable intervals between event types. Participants were trained extensively on the paradigm and reminded of the instructions at the start of the scan.Fig. 1Neuroimaging task. The neuroimaging task included two runs, with eight blocks per run. At the beginning of each block, participants were instructed to evaluate trait phrases according to a given perspective, followed by a series of nine trait phrases. Phrases were positively and negatively valenced and represented academic, physical, and social domains (all intermixed within blocks). In between evaluation blocks were blocks of rest. *Note*: The name of each participant\'s best friend was always included (e.g., "Lily"); s = seconds.

### 2.2.3. Data acquisition and analysis {#sec0065}

Self-report and behavioral data (KBIT-II and PDS scores, button responses, and reaction times \[RTs\] from the neuroimaging task) were analyzed using SPSS 16.0. When sphericity assumptions were violated, Greenhouse--Geisser adjustments were utilized. Mean RTs were calculated across each of the twelve conditions.

Imaging data were acquired using a Siemens Allegra 3.0 Tesla head-only MRI scanner at the University of Oregon\'s Lewis Center for Neuroimaging. At the start of the scan, a circle localizer was acquired to allow prescription of the slices in the following scans. Blood oxygen-level dependent, echo-planar images (BOLD-EPI; 207 volumes per run) were acquired across the whole brain with a T2\*-weighted gradient echo sequence (TR = 2000 ms, TE = 30 ms, flip angle = 80°, matrix size = 64 × 64, in-plane resolution = 3.12 mm × 3.12 mm, 32 slices, slice thickness = 4 mm, interleaved acquisition) along the anterior commissure-posterior commissure (AC-PC) transverse oblique plane, as determined by the midsagittal section, and a high-resolution T2-weighted structural scan was acquired coplanar to the functional sequence (TR = 5000 ms, TE = 34 ms, flip angle = 90°, matrix size = 128 × 128, in-plane resolution = 1.56 mm × 1.56 mm, 1 slice, slice thickness = 4 mm). The functional sequence included prospective acquisition correction (PACE; [@bib0525]) and motion correction to adjust for head motion. Mean levels of motion were greatest within the *x*-plane in both adults and adolescents, which corresponded to averages of 0.12 and 0.13 mm, respectively, \[*t*(34) = −0.60, *ns*\]. Maximum levels of motion were greatest within the *z*-plane in both adults and adolescents, which corresponded to 0.96 and 1.51 mm, respectively, \[*t*(34) = −2.00, *ns*\]. There were no significant group differences. MATLAB (R2011b) and eM\'s Stimulus Software (MSS) were used to present stimuli (via back-projection) and collect participant responses and RTs. Foam padding was used to prevent head movement, and earplugs and headphones were worn to protect hearing.

Imaging data were preprocessed and analyzed using NeuroElf ([http://neuroelf.net](http://neuroelf.net/){#intr0005}) and Statistical Parametric Mapping 8.0 (SPM8; Wellcome Department of Imaging Neuroscience, London, UK) software implemented in MATLAB. Images were first converted from DICOM to NIfTI (Neuroimaging Informatics Technology Initiative) format using MRIconvert ([http://lcni.uoregon.edu/∼jolinda/MRIConvert](http://lcni.uoregon.edu/~jolinda/MRIConvert){#intr0010}), robustly skull-stripped using the Brain Extraction Tool implemented in FMRIB Software Library (FSL), and manually reoriented to the AC-PC line. The high-resolution structural image was normalized to the SPM canonical T1-structural template. Functional images were slice-time corrected, realigned to the mean functional image, coregistered to the structural image, segmented, normalized, and smoothed using a 6 mm full-width, half-maximum (FWHM) isotropic Gaussian kernel.

For each participant, condition effects were estimated according to the general linear model, using a canonical hemodynamic response function. To address age group differences in mean RT (see behavioral results in Supplementary Materials), trial durations were modeled as participant RTs ([@bib0165]). A 128 second high pass filter (appropriate because the design was estimated using events, not blocks) was used to remove low-frequency noise and an autoregressive model, AR(1), was used to estimate temporal autocorrelation. Single subject models included twelve regressors of interest (each evaluative perspective and domain condition) and eight nuisance regressors (six motion parameters representing translations and rotations during motion correction, a variable representing individual trials with major visually-detected artifacts, and a variable representing instructions and skipped trials). Planned linear contrasts were created to identify regions where activity was greater for each condition compared to implicit resting baseline. These contrasts were then entered into a group model to estimate population effects. No explicit masks were used in either single subject or group level models.

To investigate developmental differences in neural recruitment during self-processing, in particular interaction effects between age group, evaluative perspective, and domain, a 2 (age group: adults/adolescents) × 4 (evaluative perspective: direct self/direct other/reflected self/malleability) × 3 (domain: academic/physical/social) whole-brain, repeated-measures ANOVA was conducted, with age group as the between-subjects factor and evaluative perspective and domain as the within-subjects factors. To correct for multiple comparisons, whole-brain, voxel-wise and cluster-extent thresholds were calculated using Monte Carlo simulations with AlphaSim implemented in AFNI. This resulted in a voxel-wise threshold of *p* \< 0.005 and a cluster-extent threshold of *k* = 64 voxels (corresponding to *p* \< 0.05 *FWE*-corrected). To further investigate developmental interaction effects, region of interest (ROI) analyses were conducted using the Marsbar toolbox for SPM ([http://marsbar.sourceforge.net](http://marsbar.sourceforge.net/){#intr0015}). Parameter estimates were extracted from clusters representing significant developmental differences and entered into two 4 (evaluative perspective) × 3 (domain) repeated-measures ANOVAs, in order to compare activity between age groups. To investigate the role of pubertal development on adolescent self-processing, parameter estimates were correlated with average PDS scores, as well as with age and average PDS scores after controlling for age (see fMRI results for separate comparisons of adolescent and adult neural recruitment in Supplementary Materials).

3. Results {#sec0070}
==========

3.1. Interaction between age group, evaluative perspective, and domain {#sec0075}
----------------------------------------------------------------------

To investigate developmental differences associated with making evaluations across varying perspectives and domains, a 2 (age group) × 4 (evaluative perspective) × 3 (domain) whole-brain, repeated-measures ANOVA was conducted (see [Table 1](#tbl0005){ref-type="table"}). Significant main effects were found for age group, evaluative perspective, and domain, which were qualified by significant interaction effects between age group and evaluative perspective and between age group, evaluative perspective, and domain. The main effect of age group revealed activity in inferior parietal and occipito/temporal regions, as well as some frontal areas, TPJ, mPPC, and cerebellum. The main effect of evaluative perspective revealed activity predominantly in CMS, including ventral and anterior rostral mPFC, rostral ACC, mPPC, as well as ventrolateral PFC, TPJ, and other inferior frontal and inferior parietal regions (see [Fig. 2](#fig0010){ref-type="fig"}, as well as Figure S1 in Supplementary Materials). Contrary to our hypothesis, but as suggested by separate analyses for each age group (see imaging results and Table S1 in Supplementary Materials), adolescents did not engage CMS and social cognition regions significantly more than adults during direct self-evaluations (as indicated by the absence of a significant interaction effect between age group and evaluative perspective in these regions). However, there was a significant three-way interaction effect between age group, evaluative perspective, and domain. This interaction revealed two clusters of activity in VS, one in each hemisphere, extending across the caudate, putamen, and into portions of inferior frontal gyrus (IFG) (see [Fig. 3](#fig0015){ref-type="fig"} and [Table 1](#tbl0005){ref-type="table"}).Table 1Age group × evaluative perspective × domain repeated measures ANOVA.ContrastRegion*xyzFk*Main effect of age groupPrecentral gyrus−42−65441.84166Inferior parietal lobule−39−364541.452685Culmen24−45−1533.19Fusiform gyrus−42−42−1526.76Culmen−24−54−1826.07Middle temporal gyrus39−722425.71TPJ−42−512123.83Middle occipital gyrus48−69−620.99Intraparietal sulcus−24−693020.93Superior frontal gyrus−2196322.06139Precentral gyrus45−35121.87PCC12−601220.1067Middle occipital gyrus−36−81917.0766Main effect of evaluative perspectivePrec−6−543619.46537PCC−6−5497.60Ventral mPFC−948319.40749Anterior Rostral mPFC0541214.00Rostral ACC036912.24Ventrolateral PFC3948−611.4983Middle frontal gyrus−4833159.54106IFG−454208.40Inferior parietal lobule−54−42459.38137TPJ−54−54246.16IFG5115218.88498Middle frontal gyrus3933157.18Inferior parietal lobule51−45487.2865Age group × evaluative perspectiveIntraparietal sulcus−30−69426.2868Main effect of domainOFC3033−15105.485359IFG−45361258.45IFG4539954.67OFC2430−1549.73Dorsal ACC303049.14Amygdala/parahippocampus−210−1832.31PCC9−571826.63Pre-SMA9186324.86Amygdala/parahippocampus18−3−1823.04Dorsal mPFC−3542718.97Prec3−573916.36Caudate9699.80Middle temporal gyrus54−3−1836.12145Fusiform gyrus−51−57−1235.17256Middle temporal gyrus−57−9−1528.33120TPJ−42−602723.34195Lingual gyrus15−78−617.05175Superior parietal lobule−27−664215.34319Inferior parietal lobule−48−485112.15TPJ42−542715.05154Ventral mPFC/rostral ACC948−913.3594Age group × domain------------Evaluative perspective × domainRSC−6−54155.48126Superior frontal sulcus2430454.7580VS6034.66297DS120184.64DS−129124.60Age group × evaluative perspective × domainVS−1221−65.4173IFG−189−154.75DS−61834.17IFG273034.8479VS1518−94.52DS182134.25[^1][^2]Fig. 2Main effect of evaluative perspective. Repeated measures ANOVA, where evaluative perspective and domain served as the within-subjects factors and age group served as the between-subjects factor. Illustrated here is a significant main effect of evaluative perspective within cortical midline structures (engaged by direct self-, direct other-, and reflected self-evaluations) and bilateral ventrolateral prefrontal cortex (primarily engaged by malleability-evaluations). *Note*: *x* and *y* = left--right and anterior--posterior dimensions.Fig. 3Three-way interaction (age group × evaluative perspective × domain). Repeated measures ANOVA, where evaluative perspective and domain served as the within-subjects factors and age group served as the between-subjects factor. Illustrated here is a significant age group × evaluative perspective × domain interaction within bilateral ventral striatum. *Note*: *x* and *y* = left--right and anterior--posterior dimensions.

3.2. Region of interest analyses {#sec0080}
--------------------------------

To further examine the significant three-way interaction, post hoc ROI analyses were conducted separately for each age group, where parameter estimates from the two significant VS clusters were extracted and entered into two 4 (evaluative perspective) × 3 (domain) repeated-measures ANOVAs. Within the left VS cluster \[−12 21 −6\], there was no significant interaction between evaluative perspective and domain within the adult sample \[*F*(1, 18) = 1.59, *ns*\]; however, there was a significant interaction within the adolescent sample \[*F*(1, 17) = 8.09, *p* \< 0.001; see [Fig. 4a](#fig0020){ref-type="fig"} and b\]. This pattern replicated in the right VS cluster \[27 30 3\]. While there was no significant interaction between evaluative perspective and domain in the right VS cluster within the adult sample \[*F*(1, 18) = 1.36, *ns*\]; there was a significant interaction within the adolescent sample \[*F*(1, 17) = 7.91, *p* \< 0.001\].Fig. 4Mean parameter estimates in ventral striatum across evaluative conditions. Interaction between evaluative perspective and domain. Panel (A) illustrates mean parameter estimates representing activity in the left ventral striatum (VS) cluster during reflected social self-evaluations within the adult group. Panel (B) illustrates mean parameter estimates representing activity in the left VS cluster during reflected social self-evaluations within the adolescent group. *Note*: L = left; VS = ventral striatum.

Follow-up, paired samples *t*-tests were conducted to decompose these interactions. Within the left VS cluster, adolescents recruited significantly less activity during direct social self-evaluations, relative to direct academic and physical self-evaluations \[*t*(17) = 3.37, *p* = 0.004 and *t*(17) = 4.29 *p* = 0.001, respectively\], but significantly greater activity during reflected social self-evaluations, relative to reflected academic and physical self-evaluations \[*t*(17) = −3.07, *p* = 0.007 and *t*(17) = −2.63 *p* = 0.018, respectively\]. Furthermore, activity was significantly greater during reflected social self-evaluations, relative to direct social self-evaluations \[*t*(17) = 2.51, *p* = 0.023; see [Fig. 4b](#fig0020){ref-type="fig"}\]. Similarly, within the right VS cluster, adolescents recruited significantly less activity during direct social self-evaluations, relative to direct academic and physical self-evaluations \[*t*(17) = 3.00, *p* = 0.008 and *t*(17) = 3.84, *p* = 0.001, respectively\], but significantly greater activity during reflected social self-evaluations, relative to reflected academic self-evaluations \[*t*(17) = −2.49, *p* = 0.023\]. However, within the right VS cluster, activity was not significantly greater during reflected social self-evaluations relative to direct social self-evaluations \[*t*(17) = −0.22, *ns*\].

In addition, follow-up, independent samples *t*-tests were conducted to compare adolescent and adult bilateral VS recruitment specifically during direct and reflected social self-evaluations. Recruitment of left and right VS during direct social self-evaluations significantly differed by age group \[*t*(35) = 33.60, *p* = 0.002 and *t*(35) = 2.61, *p* = 0.013 for left and right VS, respectively\], such that adults recruited significantly greater bilateral striatal activity, relative to adolescents. However, recruitment of left and right VS during reflected social self-evaluations did not significantly differ by age group, \[*t*(35) = −0.55, *ns* and *t*(35) = 0.65, *ns* for left and right VS, respectively.\]

3.3. Correlations between neural activity and pubertal development for early adolescents {#sec0085}
----------------------------------------------------------------------------------------

Finally, to investigate the relationship between neural patterns of activity and pubertal development within the adolescent sample, follow-up correlation analyses were conducted between VS parameter estimates and average PDS scores (collapsed across gender). Activity in the left VS cluster \[−12 21 −6\] during reflected social self-evaluations was significantly positively correlated with average PDS scores \[*r*(17) = 0.53, *p* = 0.023\], such that as pubertal development increased, left VS activity also increased (see [Fig. 5](#fig0025){ref-type="fig"}). Similar to activity in the left VS cluster, activity in the right VS cluster \[27 30 3\] during reflected social self-evaluations was also significantly positively correlated with average PDS scores \[*r*(17) = 0.50, *p* = 0.034\], such that as pubertal development increased, right VS activity also increased.Fig. 5Positive relationship between pubertal development and striatal activity during adolescent reflected social self-evaluations. Correlation between average Pubertal Development Scale (PDS) scores and mean parameter estimates representing activity in left ventral striatum (VS) cluster during adolescent reflected social self-evaluations. *Note*: L = left; VS = ventral striatum.

Supplementary analyses demonstrated that left VS activity was also significantly positively correlated with age \[*r*(17) = 0.59, *p* = 0.009\], although right VS activity was not significantly correlated with age \[*r*(17) = 0.34, *ns*\]. However, even after controlling for age, left and right VS activity remained marginally correlated with average PDS scores \[*r*(15) = 0.42, *p* = 0.092, and *r*(15) = 0.43, *p* = 0.084 for left and right VS, respectively\].

4. Discussion {#sec0090}
=============

The current study was designed to extend previous neuroimaging research comparing adolescent and adult self-processing across additional evaluative perspectives and domains, as well as to further explore the potential contribution of pubertal development to patterns of neural activity. The most striking finding was a significant three-way interaction between age group, evaluative perspective, and domain within bilateral VS. Within the adolescent sample, striatal recruitment differed significantly according to the perspective adopted and domain evaluated; however, within the adult sample, striatal recruitment did not significantly differ across conditions. Consistent with our hypotheses, early adolescents recruited significantly greater striatal activity during reflected *social* self-evaluations, relative to reflected *academic* or *physical* self-evaluations. In addition, adolescents recruited significantly greater striatal activity during *reflected* social self-evaluations from their best friend\'s perspective, relative to *direct* social self-evaluations from their own perspective. This suggests that reflected social self-evaluations represent a unique form of self-processing during adolescence.

The results also revealed a positive correlation between pubertal development and bilateral VS activity during reflected social self-evaluations, again consistent with our hypotheses. Specifically, more advanced pubertal development was associated with greater striatal recruitment. This suggests that perceived *social* evaluations of close peers may be especially salient to adolescent self-evaluations, relative to other domains (such as academic abilities or physical appearance), and this saliency may increase with pubertal development and other age-related advances during adolescence.

4.1. Striatal activity and adolescent self-processing: the roles of saliency and peer influence {#sec0095}
-----------------------------------------------------------------------------------------------

Previous research has suggested that regions of the mesolimbic dopamine reward system, including the striatum, are commonly recruited during the processing of salience and valuation associated with reward ([@bib0245], [@bib0310], [@bib0465]). These regions are recruited during both the anticipation ([@bib0240]) and receipt ([@bib0090]) of monetary ([@bib0110], [@bib0250]), appetitive ([@bib0540]), and social ([@bib0270]) rewards. An increasingly common perspective suggests that salience or relevance may link reward-processing with self-processing ([@bib0350]). Research suggests that these two processes are integrated and supported by common striatal (VS and dorsal striatum \[DS\]) and frontal (mPFC and ACC) regions ([@bib0045], [@bib0115], [@bib0190]). In particular, striatal regions have been implicated in processing self-relatedness ([@bib0085]) and self-relevance ([@bib0115]), as well as intrinsic and personal value ([@bib0425], [@bib0565]), self-disclosure ([@bib0515]), and positive social comparison ([@bib0140]). Such studies may suggest that either the self is reward-based and serves as a "valuation system" ([@bib0085]), or that self-processing and reward-processing, while distinct, occur in parallel, such that the self is processed along a "reward continuum" ([@bib0350]). Regardless, this conceptual framework is relevant to the interpretation of the current findings by suggesting that adolescent reflected social self-evaluations, made from the inferred perspective of a salient social target, the participant\'s best friend, are highly self-relevant, salient, or rewarding.

The current findings also converge with neuroimaging research examining self-processing through the lens of peer social evaluations. Previous research has broadly implicated striatal regions in processing social influence and social relevance ([@bib0300], [@bib0555]; for a review, see [@bib0135]). More specifically, CMS and striatal activity are recruited during both the anticipation and receipt of positive social evaluations ([@bib0080], [@bib0170], [@bib0185]). Related studies have demonstrated that the salience of an adopted perspective modulates neural recruitment during adolescent self-processing. Adolescents recruit greater CMS when making inferences about the social evaluations of their peers, relative to their parents ([@bib0405]), and greater VS when making inferences about the social evaluations of *high interest*, relative to *low interest*, peers ([@bib0180]). This body of research informs the interpretation of the current findings by suggesting that inferred evaluations of a highly regarded and salient peer (such as the participant\'s best friend) may be particularly self-relevant, salient, or rewarding to adolescent self-processing. Furthermore, *inferred* evaluations of a close peer may be more salient to adolescent social self-evaluations, relative to not only perceived peer self-evaluations within the academic and physical domains, but also direct social self-evaluations.

While significant age group differences across conditions were primarily localized within striatal regions (VS and DS), activity also extended into IFG. Previous research has implicated inferior prefrontal regions in self-processing ([@bib0360], [@bib0370], [@bib0420]) via support of processes such as autobiographical memory ([@bib0160]), introspective speech ([@bib0335]), and self-relevance more broadly ([@bib0225], [@bib0510]). Inferior prefrontal regions have also been implicated in reward processing ([@bib0445]), including representing gradients of reward sensitivity ([@bib0130], [@bib0155]).

4.2. Striatal activity and adolescent self-processing: the roles of pubertal development and age {#sec0100}
------------------------------------------------------------------------------------------------

The current study also extends neuroimaging studies investigating the relationship between pubertal development and both self-processing and peer influence. Past research has reported a positive correlation between pubertal development and vmPFC recruitment during direct social, relative to direct verbal academic, self-evaluations ([@bib0415]). Furthermore, studies have shown that striatal recruitment during inferred social evaluations of *high interest*, relative to *low interest*, peers increases with age from preadolescence to adolescence ([@bib0180]).

The current study found a similar positive relationship between striatal recruitment during reflected social self-evaluations (from the inferred perspective of the participant\'s best friend) and pubertal development. This relationship remained marginally significant after controlling for age. However, striatal recruitment during *reflected* social self-evaluations did not significantly differ between adolescent and adult age groups, although during *direct* social self-evaluations, recruitment was significantly greater in adults than adolescents. These findings suggest that the significant three-way interaction between age group, evaluative perspective, and domain within bilateral VS was driven by both within-group differences in adolescent striatal recruitment, and between-group differences in adolescent and adult striatal recruitment. More broadly, these findings suggest that during adolescence, perceived social evaluations of highly salient peers become increasingly rewarding with pubertal development or age, and this heightened level of social saliency persists, without further increase, throughout adulthood. However, this interpretation relies on reverse inference of VS function, and should thus be considered with caution.

This proposed neurodevelopmental trajectory is consistent with the characterization of adolescence as a stage of significant social reorientation ([@bib0345]), as well as reports of the heightened saliency of perceived peer evaluations during adolescence ([@bib0535]). This framework also complements neurobiological research demonstrating the influence of adolescent hormonal changes on the reorganization of striatal reward structures and increased dopamine release in striatal regions ([@bib0265]), which coincides with enhanced reward sensitivity and increased reward-seeking behaviors during adolescence ([@bib0020], [@bib0145], [@bib0530]).

4.3. Main effects of age group, evaluative perspective, and domain: CMS and beyond {#sec0105}
----------------------------------------------------------------------------------

In line with previous research, participants recruited CMS, such as ventral, anterior rostral, and dorsal mPFC; rostral, subgenual, and perigenual ACC; and Prec/PCC, during direct self-evaluations. This pattern of CMS activity was generally observed across both age groups and all three domains. Thus, the current study supports the role of CMS in self-processing, converging with past research. Likewise, CMS activity was generally observed during direct other- and reflected self-evaluations, again across age groups and domains, replicating previous findings ([@bib0215], [@bib0315], [@bib0405], [@bib0460]). It is noteworthy that while the neural correlates of direct close-other evaluations have not been previously examined in developmental samples, the patterns of CMS activity recruited during evaluations of the participant\'s best friend were consistent with adult research exploring direct evaluations of similar or personally close others ([@bib0280], [@bib0315]). Furthermore, the current study suggests that recruitment of CMS during self- and other-processing is domain-general, supporting both psychological and physical evaluations across development. This finding adds to the limited number of adult neuroimaging studies investigating self-processing of physical traits ([@bib0230], [@bib0275], [@bib0330]). It also supplements developmental research specifically examining self-processing within the *verbal academic* domain ([@bib0400], [@bib0405], [@bib0415]), by highlighting the role of CMS across *general academic* self-processing.

CMS were not the only regions centrally involved in evaluative processing. In addition to striatal regions (as discussed above), lateral frontal, temporal, and parietal regions were implicated in some evaluative processes. Young adults' engagement of social cognition regions, such as TPJ, during reflected self-evaluations replicates past research examining mental state attribution and reflected self-evaluations of psychological traits ([@bib0370], [@bib0405], [@bib0455]). Furthermore, malleability-evaluations were supported by ventrolateral PFC and other lateral frontal and parietal regions, but not CMS, which allowed this condition to function as an effective high-level control.

In addition, across evaluative perspectives and domains, results demonstrated a main effect of age group within prefrontal regions (including precentral gyrus and superior frontal gyrus), posterior and inferior parietal regions, and middle occipital gyrus. Previous research has implicated the above frontal regions in direct psychological and physical self-processing, agentic self-processing, self-relevance, self-reference, direct psychological other-processing, memory recall, perspective taking, resting state activity, and general evaluative processing ([@bib0065], [@bib0230], [@bib0280], [@bib0330], [@bib0340], [@bib0370], [@bib0400], [@bib0430], [@bib0470], [@bib0550], [@bib0560]; for reviews see [@bib0150], [@bib0260], [@bib0435]). Meanwhile, the above inferior parietal regions have been implicated in an overlapping set of processes, including direct psychological self-processing, agentic self-processing, self-relevance, and direct psychological other-processing ([@bib0235], [@bib0230], [@bib0280], [@bib0400], [@bib0430]; for reviews see [@bib0150], [@bib0260]). Middle occipital gyrus has also been implicated in direct self- and other-processing ([@bib0285]; Ochsner et al., 2004; [@bib0510]). In the current study, across conditions, adults generally recruited similar, but more robust, patterns of activity, relative to adolescents (see Table S2 in Supplementary Materials). In line with this trend, the main effect of age group was driven by greater recruitment in all of the aforementioned regions by the adult sample.

4.4. Developmental trajectories in mPFC during self-evaluative processing {#sec0110}
-------------------------------------------------------------------------

Although results from the current study replicate *general* patterns of activity commonly observed during self- and other-processing, they do not replicate some *specific* developmental patterns previously observed within CMS. Several studies have reported an anterior--posterior developmental shift during self-processing, such that adolescents recruit greater anterior regions (like mPFC), while adults recruit greater posterior regions ([@bib0025], [@bib0040], [@bib0175], [@bib0400], [@bib0405], [@bib0470], [@bib0545]; for reviews, see [@bib0005], [@bib0010], [@bib0015]). In the current study, however, across many conditions, neural activity recruited by adolescents was clearly less robust than that of adults. Thus, while both adolescents and adults recruited similar patterns of mPFC activity during self- and other-processing, in some conditions, the magnitude of activity recruited by the adolescent group did not reach statistical significance. In particular, activity recruited during adolescent direct social self-evaluations was weaker than expected, relative to previous research ([@bib0415]). Furthermore, contrary to our hypotheses and inconsistent with previous research ([@bib0405]), adolescents did not recruit significant social cognition regions, such as TPJ, during direct or reflected self-evaluations, relative to malleability-evaluations, nor greater activity than adults during direct self-evaluations, relative to malleability-evaluations. These divergent findings may be driven by the implementation of a novel control condition (evaluating trait malleability), the adoption of a specific paradigm design \[modeling conditions as events, not blocks, which may represent transient, not sustained, effects (e.g., [@bib0385])\], or the use of more conservative preprocessing/data analysis methods.

4.5. Limitations and future directions {#sec0115}
--------------------------------------

The current study includes several limitations that reveal prime areas for future research. First, the current study investigated the neurodevelopmental trajectory of self-processing by adopting a cross-sectional design. This approach afforded the comparison of early adolescent and young adult self-evaluations, which can be combined with previous cross-sectional research to begin charting developmental changes in self-processing from preadolescence to early adulthood. However, cross-sectional designs assume that differences found between age groups and across studies represent changes found within participants across development. Future research would benefit from cross-sectional designs simultaneously examining multiple age groups (e.g., preadolescence, early adolescence, middle adolescence, late adolescence, and early adulthood), or additional longitudinal designs that track changes within participants across multiple time points further into adolescence. Another limitation, common to many studies, was the use of university-affiliated students to represent a young adult sample. Recruiting adults from the broader community would increase the generalizability of future findings. In addition, future research should recruit larger sample sizes to further examine the role of pubertal development, and potential associated gender differences, on neural patterns of activity. While the current study revealed a positive correlation between pubertal developmental and bilateral striatal activity during adolescent reflected self-evaluations, larger sample sizes representing a wider range of ages and pubertal stages may be able to better distinguish the unique contributions of age and pubertal development. Furthermore, while the current adolescent sample was too small to confidently conduct gender comparisons, larger sample sizes would offer significant power for these analyses. As a future direction, researchers could examine atypical self-development in various populations, including in youth with autism spectrum disorders ([@bib0410]) or in the emergence of depression during adolescence, as this may shed additional light on normative developmental trajectories. Finally, future research could examine developmental differences in the perceived malleability of traits and coinciding neurodevelopmental patterns, as well as neurodevelopmental differences in processing trait valence.

4.6. Conclusions {#sec0120}
----------------

The present study makes several significant contributions toward better understanding the biological and social mechanisms underlying adolescent self-concept development. Specifically, this research complements behavioral studies characterizing the influence of personal and perceived peer evaluations across psychological and physical domains. First, the current study demonstrates that bilateral VS activity significantly differentiates across conditions within the adolescent sample only, suggesting that the salience of adolescent self-evaluations differs according to the perspective adopted and the domain evaluated. Second, early adolescents recruit significantly greater bilateral VS when making reflected social self-evaluations from their best friend\'s perspective. This confirms that personally close peers serve as prominent social influences during adolescence, and perceived peer evaluations are highly self-relevant, salient, or rewarding -- particularly within the social domain. Third, results demonstrate that there is a positive correlation between pubertal status and bilateral VS recruitment during reflected social self-evaluations, such that more advanced pubertal development is associated with greater striatal activity. While the current study cannot distinguish the unique effects of age and pubertal status, the results offer empirical support for the increasing social saliency of peers throughout adolescence, consistent with the social reorientation theory of adolescence ([@bib0345]).
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[^1]: *Note:* Corrected for multiple comparisons (*FWE p* \< 0.05) with magnitude and spatial extent thresholds at *p* \< 0.005 and *k* = 64 voxels, respectively. Minimum cluster size thresholds were calculated using Monte Carlo simulations in AFNI. *k*-values and *F*-values are reported for peak voxels of each cluster. Additional subpeaks within larger clusters are included for descriptive purposes.

[^2]: TPJ, temporoparietal junction; PCC, posterior cingulate cortex; mPFC, medial prefrontal cortex; ACC, anterior cingulate cortex; PFC, prefrontal cortex; IFG, inferior frontal gyrus; OFC, orbital frontal cortex; Pre-SMA, pre-supplementary motor area; Prec, precuneus; DS, dorsal striatrum; RSC, retrosplenial cortex; VS, ventral striatum.
